Hrlim is a LIM class homeobox gene that was first isolated from the ascidian Halocynthia roretzi. To assess its roles in early development of the ascidian, spatial and temporal expression of Hrlim was examined by whole mount in situ hybridization. This revealed that transcription of Hrlim is activated at the 32-tell stage specifically in the endoderm lineage. Hrlim is also transiently expressed in all notochord precursor cells. Expression in the endoderm lineage continues through to the middle of gastrulation. After gastrulation, Hrlim is expressed in certain lineages that give rise to subsets of cells in the brain and spinal cord. Based on these observations, it is suggested that Hrlim plays multiple distinct roles in ascidian embryogenesis.
Introduction
Ascidians, members of the chordates, are sessile marine invertebrates which form motile tadpole-shaped larvae. The embryogenesis of ascidians has been noted for several remarkable biological features. Ascidian embryos exhibit similar morphogenesis to that of vertebrates in their early development. The gastrulation and neurulation of ascidians are essentially the same as in vertebrates (Conklin, 1905; Nicol and Meinertzhagen, 1988) . It has been suggested that inductive events are required for the formation of the notochord (Nishida, 1992a) and neural tissues (Reverberi et al., 1960; Takahashi, 1988, 1990; Nishida, 1991) in the ascidian embryos, which is reminiscent of mesoderm and neural induction in vertebrate embryogenesis, although the mode of induction in the ascidians has not yet been elucidated. Furthermore, ascidian embryos develop into the tadpole larvae with the notochord underlying the neural tube (Kowalevsky, 1866; Conklin, 1905; Katz, * Corresponding author, Fax: +81 426 77 2559 . 1983 ). These similarities suggest that there may be a common mechanism involved in early development between ascidians and vertebrates. However, little is known about the mechanism for embryonic morphogenesis in the ascidian development.
On the other hand, ascidian embryos show a unique mode of early development known as mosaic development. The fate of each blastomere is determined according to which part of the fertilized egg it comes from. By the llO-cell stage, just before the gastrulation of this organism, the fate of most of the blastomeres is completely restricted (Nishida, 1987) . This phenomenon has been interpreted as follows: maternal cell-fate-determining factors called determinants are localized in the fertilized egg cytoplasm and are segregated into appropriate blastomeres to lead them to cells of a single type specific for a certain tissue (for review, Uzman and Jeffery, 1986; Whittaker, 1987; Satoh, 1987; Nishida, 1992b) . Consistent with this hypothesis, it has been shown by cytoplasmic transplantation experiments (Nishida, 1992c (Nishida, , 1993 (Nishida, , 1994 that such a specific region is present in the fertilized egg cytoplasm which leads to specific gene expression for epidermis, muscle or endoderm. Similarly, presence of a determinant for initiating gastrulation has been demonstrated by cytoplasmic deletion and ultraviolet irradiation experiments (for review, Jeffery and Swalla, 1990; Jeffery, 1992) . However, the molecular nature of these determinants is yet unknown.
We have decided to undertake molecular analysis of ascidian development. We have chosen to study homeobox genes since homeobox genes have been shown to play key roles during embryogenesis and ontogeny in various animal species. They are subdivided into different classes based on their sequence homology in the homeodomain and other additional properties (Scott et al., 1989) . It has been suggested that a number of the HOM/Hox genes are involved in spatial patterning along the body axis (reviewed by McGinnis and Krumlauf, 1992) , bicoid class genes are involved in formation of head region (e.g. Cho et al., 1992; Driever and Nusslein-Volhard, 1988; Finkelstein et al., 1990; Simeone et al., 1993) and LIM class genes in establishing various cell lineages (e.g. Way and Chalfie, 1988; Freyed et al., 1990; Bourgoin et al., 1992; Cohen et al., 1992) . We expect that studies of the homeobox genes in ascidians should provide clues to understand the nature of ascidian embryogenesis and evolutionary aspects of the mechanisms involved in embryonic morphogenesis in chordates.
Previously, we reported the isolation of the ascidian homeobox gene AHoxl by screening a genomic library of the ascidian, Halocynthia roretzi, with an Antennapedia homeobox probe (Saiga et al., 1991) . AHoxl, which possesses a homeobox similar to that of Drosophila H2.0, is not expressed in early development but is expressed in the tissues of endodermal origin in juveniles and additionally in coelomic cells in adults (Saiga et al., 1991) . In the present study we focused on homeobox genes expressed in early development. By screening a fertilized egg cDNA library with a synthetic oligonucleotide probe, we isolated a cDNA clone of a homeobox gene, designated Hrlim. Structural analysis revealed that Hrlim belongs to the LIM class homeobox genes that encode proteins containing two cysteine/histidine-rich motifs designated the LIM domain in addition to a homeodomain (Way and Chalfie, 1988; Karlsson et al., 1990; Freyd et al., 1990) . To assess functions of Hrlim. we investigated the spatial and temporal expression pattern of Hrlim by whole mount in situ hybridization. We found that transcription of Hrlim is first activated specifically in the endoderm lineage at the 32-cell stage and the expression continues through to gastrulation. Hrlim is also transiently expressed in all the notochord precursor blastomeres before gastrulation. After the onset of gastrulation the expression pattern is completely changed. Expression in the mesodermal and endodermal cells disappears and instead Hrlim expression restarts in a pair of cells in the ectoderm and then in subsets of the cells in the nervous system. These expression patterns suggest that Hrlim plays several distinct roles in the ascidian development. Hrlim may be involved in the determination of cell lineages of endoderm and notochord cells before gastrulation. After gastrulation it may be involved in specification of a distinct group of cells in neural tissues. These possible functions are discussed.
Results

Sequence of the Hrlim cDNA
As shown in Fig. 1 , nucleotide sequencing and conceptual translation revealed that Hrlim encodes a protein of 514 amino acids, showing the characteristic structure of LIM class homeobox genes with two cystein-rich LIM domains and a homeodomain. Upon sequence comparison of the homeodomain, Hrlim shows high similarity to Xlim-1 and Xlim-3 of Xenopus (Taira et al., 1992) , Lim-I (Barnes et al., 1994) and Gsh-4 (Li et al., 1994) of mouse, BK64 and BK87 of Drosophila (Kalionis and O'Farrell, 1993) and linll of nematode (Freyed et al., 1990) (Fig. 2A ). Amongst these, Hrlim seems to be most closely related to Xlim-3 and Gsh-4, since their homeodomains are almost identical and they have additionally a similar sequence flanking downstream of the homeodomain as shown in Fig. 2B .
Expression of Hrlim: northern analysis
Hrlim expression during embryogenesis was examined by northern blot hybridization. As shown in Fig. 3 , a major transcript of approximately 2.6 kb is found throughout embryogenesis, gradually decreasing as development goes on. A smaller transcript of approximately 2.4 kb appears transiently through the 64-cell to the gastrula stages. Southern genomic hybridization using the same probe as was used in northern analysis revealed that Hrlim is unique in the Halocynthia genome and no other signal was detected under the same washing conditions (data not shown). This in turn indicates that the smaller transcript is also derived from the Hrlim gene.
Spatial and temporal expression of Hrlim: analyses by whole mount in situ hybridization
In ascidians, the nomenclature for the blastomeres and the cell lineage have been well established (Conklin, 1905; Nishida, 1987) . By the llOcel1 stage almost all blastomeres become tissue-restricted, that is, each blastomere has a fate of a single type of tissue (Nishida, 1987) . We examined the expression of Hrlim by whole mount in situ hybridization referring to the cell lineage. As described below, we found that the spatial and temporal expression of Hrlim in early development can be divided into three phases: maternal expression and zygotic expression before and after gastrulation. 
Maternal expression of Hrlim before the 32-cell stage
In embryos before the 32-cell stage, detection of Hrlim mRNA was obscured for unknown reasons. After two days of coloring reaction the antisense RNA probe gave a weak signal. There was little if any localization of the signals in unfertilized eggs or embryos of up to the 2-cell stage. Weak localization of Hrlim to anterior animal region was observed at the 4-cell through 16-cell stages (data not shown). Other than this, localization of Hrlim transcript was unclear.
2.5. Zygotic expression of Hrlim before gastrulation 2.5.1. At the 32-cell stage. Hrlim transcripts were first clearly detected at the 32-cell stage. Signals were observed in three pairs of blastomeres of the vegetal hemisphere. We found that the signals were around nuclei by comparing with specimens stained with DAPI (data not shown). This indicates that the transcription of Hrlim is activated at this stage ( Fig. 4A and B) . The three pairs of blastomeres, the A6.1, A6.3 and B6.1 pairs, possess in common a developmental fate that gives rise to the endoderm, although the A6.3 and B6.1 pairs give rise to trunk lateral cells and endodermal strand as well, respectively (refer Fig. 5 for the cell lineage and the timing of cleavage in early development).
2.5.2. Up to the 64-cell stage. At the end of the 32-cell stage, the blastomeres in vegetal hemisphere except the B6.3 and B6.4 pairs divide to develop the embryos of 44-cell stage (Fig. 5) .
At the 44-cell stage, Hrlim expression becomes evident in eight blastomere pairs ( Fig. 4C and D) . Five pairs out of these are destined for endoderm. These are descendants of the blastomeres that expressed Hrlim at the 32-tell stage. By contrast, Hrlim expression is scarcely detectable in A7.6 that gives rise to trunk lateral cells, unlike its counterpart, A7.5. Thus Hrlim expression correlates with the endoderm fate.
The other three pairs, A7.3, A7.7 and B7.3, that initiate the expression of Hrlim share a common fate to develop into notochord (Figs. 4C, D and 5) , though the B7.3 pair also leads to mesenchyme. Other than these of the 64-&l stage, signals become evident in the B7.5 pair that gives rise to the muscle and endoderm (arrows in Fig. 4G ). Thus, by this time, all the endodermproducing blastomeres have started transcription of Hrlim (Fig. 4H) . In contrast, the expression in the notochord precursors is decreased at this stage: especially in the B7.3 pair where the Hrlim expression becomes hardly detectable ( Fig. 4G and H) .
2.5.3. Up to the IIO-cell stage. By the 76-tell stage, three pairs of the notochord progenitors divide to give rise to five pairs of the notochord precursors and a pair of the mesenchyme precursors, while endoderm progenitors do not divide in this period (Fig. 5) .
The endoderm precursors, except the B7.5 pair, continue to express Hrlim at the 76-tell stage. In comparison to the 64-cell stage, the signal becomes stronger and extends to the cytoplasm (Fig. 41) . In the B7.5 pair, Hrlim expression decreases gradually unlike the other endoderm progenitors. In the six pairs of descendants of the notochord precursors, Hrlim expression becomes scarcely detectable ( Fig. 41 and I ). Thus the expression of Hrlim in the notochord lineage is restricted to the seventh generation of the cleavages in development (Fig.  5) .
Embryos of the 1 IO-cell stage exhibit intense expression of Hrlim in the endoderm precursors except the B7.5 pair (Fig. 4K and L) . In the ascidian embryos, gastrulation starts shortly after the 1 IO-cell stage, beginning with invagination of the A7.1 and B7.1 pairs. Soon after the beginning of invagination, expression of Hrlim in the endoderm progenitors decreases rapidly and becomes undetectable by the middle of gastrulation ( Fig. 4M and N) . Hrlim expression between 32-tell and 1 lo-cell stages is summarized in Fig. 5. 
Hrlim expression after gastrulation
Whole mount in situ hybridization with tadpole larvae revealed that Hrlim was also expressed in restricted regions of the nervous system. The nervous system in ascidian larvae consists of the brain at the anterior and the spinal cord at the posterior. The brain contains two sensory organs, the otolith, a gravity sensor, and ocellus, a photo sensor, in the anterior and posterior parts, respectively (Dilly, 1961) . Under the ocellus there are several lens cells (Dilly, 1961 (Dilly, ,1964 . In the larvae, hybridization signals were detected in the ventral region of the brain and a part of the spinal cord ( Fig. 6A and B) . The origin of the expression of Hrlim in these cells could be traced back to the earlier stages as described below.
Expression in the spinal cord
Expression in the spinal cord starts in late gastrula stage embryos. At the late gastrula stage, when Hrlim expression has disappeared in the vegetal hemisphere, Hrlim expression becomes detectable again, not in the vegetal but in the animal hemisphere, in a pair of single cells located symmetrically on the anterior lip of gastrocoel (arrowheads in Fig. 6C ). The Hrlim expressing cell is one of the presumptive nervous system as judged by the position. This expression continues throughout the neural plate stage (Fig. 6D) . At the early neurula stage, a pair of cells on the neural fold begins to express Hrlim. These cells are located posterior to the Hrlim-expressing cells described above. Thus the staining is observed as two pairs of symmetrically locating spots on the neural folds (Fig. 6E) . The two pairs of cells expressing Hrlim move toward the midline as neurulation goes on (Fig. 6F) . At the early tailbud stage, the two pairs of signals are localized in the dorsal region connecting trunk and tail ( Fig. 6G and H) . The posterior expression decreases gradually and disappears at the end of this stage. In the middle and late tailbud stage embryos, the anterior Hrlim expression remains in the anterior-most region of the spinal cord (Fig. 7A-C) . The expression is continuously observed until the swimming larvae stage (Figs. 7D, E and 6A).
Expression in the brain
In the larva, expression of Hrlim is observed in the cells underlying ocellus. The expression in the brain lineage starts at the tailbud stage. In early tailbud stage embryos, expression is first detectable as a symmetric pair of faint signals on the dorsal middle of the trunk (arrows in Fig. 6G and H) . By the middle tailbud stage, however, expression becomes asymmetric. The signal on the left side becomes hardly detectable while, by contrast, in the cells of the right side, Hrlim expression increases (Fig. 7A) . This asymmetric expression of Hrlim in the trunk is most clearly observed at the late tailbud stage (Fig. 7B) . As development goes on, the signal on the right side becomes much stronger and the Hrlim expression of the left side shows up again ( Fig. 7C  and D) .
In normal development, pigmentation occurs first in otolith and then in ocellus (Nishida and Satoh, 1989 ). In the larvae of the otolith pigmentation stage, the two staining spots of Hrlim expression on both sides come together and the expression continues in the posterior region of the brain, the region underlying the presumptive ocellus (Fig. 7E) . Swimming larvae also showed Hrlim expression in the ventral region of the brain at the periphery of the ocellus (Fig. 6A) . The ocellus cell itself and lens cells do not express Hrlim as examined with Nomarsky optics (data not shown).
In addition, Hrlim expression is observed transiently in embryos of the latter half of the tailbud stage. The expression is detected as a symmetrical pair of signals in the region anterior to the brain lineage expressing Hrlim (arrowheads in Fig. 7A and B) . 
Dlscusslon
Ascidian LIM class borneobox gene
In this paper, we have reported the isolation and expression of an ascidian LIM class homeobox gene, Hrlim. More than a dozen LIM class homeobox genes have been isolated from nematode (Freyd et al., 1990; Way and Chalfie, 1988) , Drosophila (Cohen et al., 1992; Bourgouin et al., 1992; Kalionis and O'Farrell, 1993) and vertebrates (Karlsson et al., 1990; Ericson et al., 1992; German et al., 1992; Taira et al., 1992 Taira et al., , 1993 Xu et al., 1993; Barnes et al., 1994; Li et al., 1994) . Studies on their expression have shown that they are expressed in a cell-type specific manner and it has been suggested that the homeobox genes of this class might be involved in the specification and differentiation of specific lineages. It is possible that LIM class homeobox genes of ascidians also play such a role as has been suggested in other animal species.
Hrlim is expressed both maternally and zygotically. Whole mount in situ hybridization revealed that zygotic expression of ascidian Hrlim is further divided into two distinct phases. From the 32-tell stage to the early gastrula stage, Hrlim is expressed in the endoderm and notochord precursors. After gastrulation, Hrlim is ex-pressed in specific regions of nervous system in larvae, These lineage-specific expression patterns of Hrlim are compatible with former observations on other LIM class homeobox genes and suggest that Hrlim is involved in the determination of the presumptive endoderm and notochord blastomeres and specific cell types of the nervous system.
Maternal transcripts of Hrlim do not constitute determinants
Maternal transcripts of Hrlim gave weak signals in the anterior animal hemisphere before 32-&l stage. In ascidian embryos, it has been demonstrated that a certain cytoplasmic region in the egg has activities which lead the cells therewith to an epidermis, muscle or endoderm fate (Whittaker, 1990; Nishida, 1992c Nishida, , 1993 Nishida, , 1994 . For example, by cytoplasmic transfer experiments using alkaline phosphatase activity as an endoderm marker, Nishida showed that cytoplasmic factors which lead to an endoderm fate are present in the unfertilized egg. After fertilization, they become localized to the vegetal pole in the first phase of ooplasmic segregation, spread over the entire vegetal hemisphere during the second phase of segregation, and they are inherited by the four vegetal blastomeres in the 8-cell stage embryos (Nishida 1993) . These properties allow this cytoplasmic activity to be regarded as determinants. Similar analyses have been carried out on cytoplasmic activities that lead cells to muscle and epidermis (Nishida 1992c (Nishida , 1994 . However, the localization pattern of the maternal Hrlim transcripts does not correspond to that of any of these cytoplasmic factors. It appears more likely that the zygotic expression of Hrlim is under the control of the determinants for endoderm, since transcription of Hrlim starts at the 32&l stage specifically in the endoderm lineage. Considering the timing of the onset of zygotic expression of Hrlim, the expression may be under a direct or otherwise very close control by the determinants. Studies on the regulatory mechanisms for Hrlim expression in the endoderm precursors will give us some information about the molecular nature of the endoderm determinants.
Zygotic expression of Hrlim in the endoderm lineage
Transcription of Hrlim is first activated at the 32-cell stage specifically in the blastomeres that give rise to the endoderm lineage and expression continues until onset of gastrulation. This suggests that zygotic expression is involved in the determination of the endoderm lineage. Intense expression of Hrlim is observed in these endoderm precursors just before gastrulation but the expression disappears shortly after the beginning of gastrulation. In ascidian embryogenesis, gastrulation begins as the invagination of endoderm precursors that locate in the center of the vegetal hemisphere, followed by the surrounding vegetal blastomeres. The invaginated endoderm precursors develop into the ventral head region of the tadpole-shaped larvae (Bates and Jeffery, 1987; Nishida, 1987) . Thus it is possible that the Hrlim expression in the endoderm precursors of this stage might be involved in the initial steps of invagination or in the formation of the future head region. This is reminiscent of the expression pattern of Xlim-Z around the period of gastrulation in Xenopus (Taira et al., 1992) . Interestingly, Hroth, which we have recently isolated and identified as an ascidian homologue of the Drosophila orthodenticle gene (Finkelstein et al., 1990) or the mouse Otx genes (Simeone et al., 1993) , is also expressed in the endoderm precursors after the 64-cell stage (unpublished observation). Co-expression of Hrlim and Hroth in the endoderm precursors before gastrulation may suggest that these cells play roles in establishment of body axis of the ascidian embryo.
Specijication of the notochord lineage and Hrlim expression
Hrlim is also expressed transiently in the notochord lineage. In this lineage, As-T is also expressed. This is an ascidian homologue of the vertebrate Brachyury(T) gene that is expressed exclusively in the notochord lineage up to the early tailbud stage and has been proposed to specify the notochord lineage (Yasuo and Satoh, 1994) . As-T mRNA is first detected at the 64-tell stage in the anterior-vegetal (A-line) notochord precursor cells and at the 1 IO-cell stage in the posterior-vegetal (B-line) precursor cells when the fate of these cells has been destined exclusively for the notochord (Yasuo and Satoh, 1994) . Strictly speaking, these notochord precursors in the A-or B-line appear at the 44-tell or 76-&l stage, remaining without cleavage up to 64-tell or 1 IOcell stage, respectively (Nishida, 1987) . The As-T expression at these stages, however, has not been reported (Yasuo and Satoh, 1994) . Since Hrlim transcription begins at the 44-cell stage both in A-and B-line precursors, Hrlim expression precedes or starts at least not later than the As-T expression and disappears at the 76-cell stage. These results suggest that the transient expression of Hrlim may play a role in the initial stage of determination of the notochord lineage. It is a further interesting question to address whether As-T is under the control of Hrlim.
Hrlim expression is restricted to certain subsets of cells in the nervous system
In the second phase of the zygotic expression, Hrlim transcripts are observed in several specific regions of the nervous system of larvae. In the ascidian larvae, the structure of the central nervous system and cells constituting the central nervous system are not well described, so we could not determine which cell types are positive for Hrlim expression.
In vertebrates, it has been reported that many
S. Wadn et al. /Mechanisms of Development 51 (1995) 115-126
members of the LIM class homeobox genes are expressed in specific regions in the central nervous system. Zsl-Z is expressed in motor neurons in the ventral region of the spinal cord (Ericson et al., 1992) , LH-2 in diencephalon and telencephalon (Xu et al., 1993) , Lim-I in the lateral diencephalon, hindbrain and dorsal spinal cord (Barnes et al., 1994) , Xlim-3 in postmitotic cells of the retina, hindbrain and spinal cord (Taira et al., 1993) and so on. Likewise, Hrlim may also play a role in the commitment and specification of subsets of cells in the nervous system.
Asymmetric expression of Hrlim in the brain lineage
A remarkable feature of Hrlim expression in the brain lineage is its asymmetry. Hrlim expression in brain lineage is first detectable as two symmetric spots in the middle of the trunk at the early tailbud stage and soon after the expression on the left side disappears while the expression of the right side counterpart becomes stronger. In the ascidian brain, it has been reported that a pair of pigment cell precursors develops into otolith and ocellus in a complementary manner (Nishida and Satoh, 1989) . During neurulation, the two pigment cell precursors that have been positioned bilaterally on the dorsal side of the embryos move to meet and align on the antero-posterior midline. The two cells appeared to be equivalent in developmental potential, that is, either one of the two cells that positions posteriorly becomes ocellus and the other becomes otolith. Thus this procedure is independent of their initial right-left position (Nishida and Satoh, 1989) . By contrast, asymmetry of Hrlim expression appears to be invariably established. We examined a number of specimens for the expression and found that the expression pattern was always the same. At present it is unclear what the asymmetric expression pattern of Hrlim means. Judging from the position of the cells expressing Hrlim in the larva in reference to the cell lineage (Nishida, 1987) , they are likely to be derived from the a8.17 pair. The pigment cells are derived from the a8.25 pair juxtaposed to the a8.17 cells. The timing when the Hrlim expression is first detected appears to overlap the period that two pigment cell precursors move to align on the midline. These observations suggest that there may be some close relationship between the development of the two pigment cells and the asymmetrical expression of Hrlim.
Materials and methods
Ascidians
Adult ascidians, Halocynthia roretzi were purchased from fishermen near Asamushi Marine Biological Station, Tohoku University, Aomori, Japan and Otsuchi Marine Research Center, Ocean Research Institute, University of Tokyo, Iwate, Japan. Naturally spawned eggs were fertilized with a suspension of sperm from other individuals and the fertilized eggs were raised in filtered sea water at l l-13°C. Embryogenesis went on synchronously in all batches of eggs. Samples at appropriate stages were collected by low speed centrifugation and were fixed for whole mount in situ hybridization or were frozen for RNA extraction.
4.2. cDNA library construction and molecular cloning of Hrlim cDNA was synthesized from poly(A) RNA isolated from unfertilized egg using a cDNA synthesis kit (Pharmacia). Synthesized cDNA was ligated to the hgtl 1 vector. The ligated materials were packaged in vitro as described previously (Saiga et al., 1991) . The cDNA library was screened using degenerate oligonucleotides complementary to the region encoding the third helix of the Antennapedia class homeodomain. The nucleotide sequence was determined by the cycle sequencing method using fluorescent dye primers (ABI) and the ABI 392A sequencing apparatus.
Isolation and analysis of nucleic acia5
Preparation of genomic DNA and poly(A) RNAs from various stage embryos was carried out as described previously (Saiga et al., 1991) . Northern and Southern blot analyses were also carried out as described previously (Saiga et al., 1991) .
Whole mount in situ hybridization
Whole mount in situ hybridization was carried out according to Holland et al. (1992) with some modifications.
Embryos and larvae were fixed with 4% paraformaldehyde in 0.5 M sodium chloride, 0.1 M MOPS (pH 7.5) at 4°C overnight, dehydrated in 30%, 50%, 70% ethanol (10 min each) and stored in 70% ethanol at -20°C. The embryos were manually dechorionated under a stereomicroscope just before further treatment. All further steps were performed at room temperature unless otherwise stated. After rehydration by successive incubation in 50%, 30% ethanol and in PBST (PBS containing 0.1% Tween20) three times (10 min each), the specimens were treated with 20 &ml (larvae) or 5 &ml (eggs and embryos) proteinase K in PBST (15 min, 37°C) and digestion was stopped by washing with 2 mgml glycine in PBS for 5 min and with PBS twice (5 min each). The specimens were post-fixed with 4% paraformaldehyde in PBS for 1 h, followed by washing with PBST twice (5 min each) and distilled water for 5 min. Acetylation was carried out in 0.1 M triethanolamine (pH 8.0) supplemented with 0.27% acetic anhydride for 10 min and the specimens were washed in PBST twice (5 min each). The specimens were incubated in prehybridization buffer (50% formamide, 5 x SSC, 100 &ml tRNA, 50 &ml heparin, 1% SDS) for 1 h at 50°C. The prehybridization buffer was replaced with hybridization buffer containing 0.5 &ml digoxygenin (DIG)-labeled anti-sense or sense transcript. Hybridization reaction was carried out at 50°C overnight. At the end of the hybridization, the specimens were washed in 50% formamide, 5 x SSC, 1% SDS (2 x 20 min, SOOC), then 50% formamide, 2 x SSC, 1% SDS (2 x 20 rnin, 37"C), and 2 x SSC, 0.1% Tween20 (2 x 5 min); treated with 20 &ml RNase A in 2 x SSC (20 min, 37°C); and washed in 2 x SSC, 0.1% Tween20 (3 x 5 min, 37°C; 2 x 20 min, 50"(Z), 0.2 x SSC, 0.1% Tween20 (20 min, SO'C) and in PBST for 5 min.
RNA hybrids were detected immunohistochemically. After blocking in 0.1 M Tris-HCl (pH 7.5), 0.15 M sodium chloride supplemented with 0.5% blocking reagent in the kit (blocking buffer), the specimens were incubated with 1: 2 000 alkaline phosphatase-conjugated anti-DIG antibody (Boehringer Mannheim) in the above blocking buffer (overnight, 4°C). The specimens were washed with PBST four times (20 min each) and alkaline phosphatase buffer (TMN buffer plus 0.1% Tween20) three times (10 min each). Signal detection was performed in TMN buffer (100 mM sodium chloride, 50 mM magnesium chloride, 100 mM Tris-HCl, pH 8.0) with 4.5 ~1 NBT/ml and 3.5 ~1 BCIP/ml added, following the supplier's instruction (Boehringer Mannheim DIG RNA Detection Kit), except that 2 mM levamisole was included. When satisfactory signals over the background were obtained, the solution was replaced with PBST. In this procedure, the sense probe gave no significant background after coloring reaction for 2 days. For clearing, the specimens were dehydrated by incubations in 30%, 50%, 70%, 90%, 95%, 2 x 100% ethanol (10 min each) and mounted in 2:l benzyl benzoate: benzyl alcohol.
Preparation of probes
A cDNA fragment (nucleotide 1-2155 in Fig. 1A ) was cloned in the EcoRl site of the plasmid Bluescript KS+ (Stratagene). The plasmid DNA was digested with Hind111 or BarnHI and used as template for in vitro transcription. The RNA probe was synthesized using Boehringer Mannheim DIG RNA labeling Kit according to the supplier's instructions. After incubation, the reaction mixture was treated with RQ DNase (Promega) and the transcripts were hydrolyzed by incubation in 40 mM sodium hydrogen carbonate, 60 mM sodium carbonate at 60°C to an average length of 300 nucleotides.
For northern or Southern hybridization, a cDNA fragment (nucleotide 957-1430 in Fig. 1A ) was labeled with [a-32P]dCTP using a random primer labeling kit (Takara).
Oligonucleotide probe was 5'-G(GA)T(TC)TG(GA)-AACCA(AGCT)A(CT)(CT)T(GT)G-3
' labeled with [y-32P]ATP using polynucleotide kinase.
